Many extensions of the Standard Model include SU(2) L ×U(1) Y singlet higgs bosons, h 0 , and also vectorlike fermions which couple to it. The production and detection possibilities of such singlet neutral scalars at hadron colliders are considered for different scenarios of vectorlike fermions. We find that for some values of masses and couplings, detection at the CERN Large Hadron Collider (LHC) appears to be a distinct possibility, while at the Fermilab Tevatron upgrade the h 0 might be observed only in very favourable circumstances.
INTRODUCTION
Scalar higgs fields are an important ingredient in the Standard Model (SM) and its popular extensions. Searches for higgs bosons are, therefore, among the important objectives at present and projected colliders. Recent measurements of the ρ parameter (or the oblique T parameter) at the CERN e + e − collider LEP-1 yield a result very close to unity [1] , which limits the natural possibilities for light scalars to just singlets and doublets of the SU(2) L component of the SM gauge group. The SM adopts a one-doublet scenario, while extra doublets appear in many of its extensions including the minimal supersymmetric standard model (MSSM) and the left-right symmetric model. Phenomenological consequences of one or more doublets and their detection possibilities have been extensively studied in the literature [2, 3] , but the singlet option has not received the same kind of attention. Save for some discussion in the context of Majoron models and non-minimal supersymmetric models [2] one comes across very few studies of singlet higgs bosons.
Interestingly, neutral SU(2) L singlet scalar particles are predicted in several extensions of the SM. They are present in a natural manner in many Grand Unified Theories (GUTs). For example, the fundamental 27-plet of E 6 , utilised for spontaneous symmetry breaking, includes several such fields [4] . The next to minimal supersymmetric standard model (NMSSM) [5] has just such an extra field to generate the higgs mass parameter -the so-called µ-term. Other models -e.g., the left-right symmetric SU(2) L × SU(2) R × U(1) model and its GUT extensions like SO(10) [6] -also include singlet scalars. It has also been stressed [7] that in a class of composite models of quarks and leptons such a neutral singlet scalar is an essential prediction. Moreover, it has been shown [8] that the addition of a singlet higgs scalar (with or without an extra generation of vectorlike fermions) can provide a realistic solution to the fine-tuning problem in the SM. It is therefore of interest to consider strategies for the detection of these scalar singlets (henceforth called singlet higgs bosons) at the present and upcoming colliders.
Barring mixing with the doublet higgs bosons [9] , the singlet scalars will not couple to ordinary quarks and leptons. Rather, they will couple to vectorlike fermions -quarks and leptons whose left-and right-handed components transform identically (i.e., both singlets or both doublets) under SU(2) L . Many of the models with singlet higgs bosons include such quarks and leptons. Prominent among these are the E 6
GUT models which contain vector singlet quarks of charge − 1 3 as well as vector singlet and vector doublet leptons. The composite models of Ref. [7] also contain vectorlike fermions which play an important role in explaining the masses and mixings of the usual quarks and leptons.
The singlet higgs boson could be produced at the CERN e + e − collider LEP-1 through the vectorlike fermion loop induced decay Z 0 → h 0 γ. In an earlier paper [10] two of the authors have considered, with reference to the e + e − collider LEP-1, models in which a real singlet higgs boson h 0 occurs together with vectorlike quarks and leptons. Unfortunately, though the signal is relatively clean, the number of such events generally turns out to be too small for effective detection at LEP-1 -even with a catch of 10 7 Z 0 s.
In the present work we analyse possibilities for producing a singlet higgs boson h 0 from gauge boson fusion at hadron colliders. The h 0 gg (or h 0 γγ, h 0 Z 0 γ, h 0 Z 0 Z 0 , h 0 W + W − ) interaction will be mediated by a triangle diagram containing vectorlike quarks (leptons) just as the SM H 0 gg interaction is mediated by a top-quark triangle.
In fact, as the masses and couplings will be chosen to be rather similar, the numbers produced in the two processes are comparable. Detection of the h 0 , however, will require modified strategies since its decay modes are quite different from the SM H 0 and depend on the vectorlike fermion scenario being considered. In general, we find the h 0 → γγ mode to be the most promising one, since the occurrence of hadronically quiet hard photon pairs with a peak in the invariant mass is a clear signal for the decay
For sufficiently large values of the singlet mass m h , the h
also become viable. We have estimated SM backgrounds to these processes using a parton-level Monte Carlo event generator
and discussed ways of reducing them through appropriate kinematic cuts.
The plan of this article is as follows. In Section 2 we discuss those couplings of the singlet h 0 at tree level and at one-loop level which are relevant for this analysis. We then consider various possible vectorlike fermion scenarios and discuss their relative viability insofar as detection of the h 0 is concerned. In Section 3 we discuss the possible modes of production of the h 0 at hadron colliders. Section 4 is devoted to a study of the decay modes of the h 0 in various scenarios and the possible signals.
Backgrounds to these are also analysed in Section 4 and our conclusions are stated in Section 5.
COUPLINGS AND GENERAL STRATEGY
As explained above, the neutral singlet scalar h 0 has no SU(2) L × U( 
where the subscripts s, d refer to singlet and doublet respectively and (
The vectorlike fermions couple to the Z 0 boson as
and to photons and gluons through the usual QED and QCD couplings. In the subsequent discussion the symbol f wil be used to denote vectorlike fermions gener- from the non-observation of the decays Z 0 → ff at LEP-1. It should be noted that we assume no mixing between the singlet higgs boson and its standard counterpart and similarly between the vectorlike fermions and their ordinary counterparts. As a result our analysis is not constrained by mass bounds derived using such mixings.
Since the singlet higgs boson does not couple to any of the constituents of the proton, it is clear that it cannot be produced in pp or pp collisions through tree-level diagrams. At the one-loop level, however, h 0 can be created via gg (or γγ,
fusion through a triangle of vectorlike quarks or leptons as the case may be. The mechanism is illustrated in Fig. 1(a) where V i , V j can be any of the pairs of vector bosons mentioned above. Fig. 1(b) exhibits the diagram corresponding to loop-induced decay of the h 0 .
To perform a general analysis of the production and decay of the singlet higgs boson we need to know the partial width (Γ) and the branching fractions of processes of the type h 0 → V i V j . The fermion in the loop can be any of and L, N to leptons of charge -1 and 0.
We can write the transition amplitude for the generic process as
where the effective coupling Γ µν f can be written in the schematic form [10] 
Here the summation is operative only for the vector doublet fermion scenario and runs over the members of the multiplet. Further, a sum over repeated greek indices is implied. The factors ω if , ω jf depend on the gauge bosons V i , V j and the vectorlike fermion scenario under consideration. A list of the possibilities is given in Table 1 .
The colour factors C f ij are given in 
where each of the C functions has arguments
If at least one of the gauge bosons V i , V j is massless, these can be written in closed form [10, 12] , but if both are massive, they have to be expressed in terms of rather complicated formulae involving dilogarithms. These are evaluated using a computer code [13] developed using the algorithms of Ref. [11] .
If V i , V j are either photons or gluons, gauge invariance demands
This is explicitly verified by using relations among the B and C functions which obtain when one of the external masses vanish. These relations can be found in Refs. [10, 11] .
At this juncture it seems appropriate to discuss the vectorlike fermion scenario(s) considered in this paper and the various search strategies prescribed for each. Rather than include a complete extra generation of vectorlike quarks and leptons, we have chosen to consider the different possibilities one at a time. This has the advantage of simplicity and is theoretically quite legitimate since these extra fermion representations are anomaly-free due to their vectorlike nature. We thus have the following options:
1. a vectorlike doublet of quarks
2. a vectorlike singlet quark f = U s of charge A sixth possibility, that of a vectorlike singlet neutrino, has been discounted because it does not couple to any of the SM gauge bosons.
Let us consider scenario 1 in more detail. Since vectorlike doublet quarks couple to all the SM gauge bosons, the possibilities in Fig. 1(a) are for V i V j to be any of the pairs gg, γγ,
Of all these, the only one worth considering is the gg mode, not only because the h 0 gg coupling is the largest, but because of the high gluon luminosity at a hadron collider. The production mechanism would be analogous to that envisaged for the SM higgs boson from gluon-gluon fusion through a top quark triangle [12] , and the numbers obtained are, in fact, comparable. Some of the advantage is lost, however, when we look for the detectable signals for the h 0 . The dominant decay modes of h 0 will be 
The last possibility, though it has a large branching fraction (see below),
will not be considered further in this work because the hadronic decays of the W ± pair would be swamped by the QCD background while the leptonic decays would involve missing transverse energy and momentum due to two neutrinos, rendering the analysis based on reconstruction of invariant masses impossible. We choose, therefore, to restrict ourselves to the possibilities that of the D s quark (see Table 1 ) which makes detection more difficult.
Scenario 4 is interesting since gluonic couplings are disallowed and one has to rely on electroweak production modes, i.e.
lesser numbers of h 0 s produced are partially compensated by the large branching ratios now available for the γγ, Z 0 γ, Z 0 Z 0 decay modes. Of course, the tree-level
the heavy lepton L ± should behave rather like a muon, except that its track will show little or no curvature. This last circumstance will, however, render measurement of momenta difficult, so this mode may not, after all, be a good option to pin down the h 0 . Scenario 5 is almost identical to 4 except that the h 0 → W + W − mode is absent and the couplings are rather different.
Here it might not be irrelevant to compare the total width of this singlet scalar with that of the SM higgs. For the sake of this discussion we consider two values of the vectorlike fermion mass: 50 and 150 GeV. In Table 3 , we present the widths of h 0 in the various scenarios for ξ = η = 1. For comparison, the width of the 'Standard'
Model higgs for a hypothetical top quark mass of 50 and 150 GeV are also presented.
Note that beyond the 2m f threshold the singlet higgs width is large as a consequence of the tree level decay and the choice ξ = η = 1.
As noted earlier, the signal for production and decay of an h 0 at a hadron collider 
This last background can, however, be easily dealt with by requiring isolation of the photon from the l + and l − and demanding that the invariant mass of the lepton pair be around m Z .
HADRONIC PRODUCTION OF THE h 0
It has already been mentioned above that the mechanism for producing h 0 in pp or pp collisions will depend upon the vectorlike fermions in the loop. So long as these are quarks, the dominant process will be through gg fusion via a vectorlike quark (Q) triangle, the effective h 0 gg coupling being given by Eqs. (3) - (6) . Using these, we obtain, at the parton level, the cross section
where √ŝ is the total centre-of-mass energy of the colliding partons and Γ(h 0 → gg)
is the decay width of an h 0 to a gg pair. In view of the other uncertainties involved as regards masses and couplings, we have not included QCD corrections -which can be fairly substantial [14] -to this process. To obtain the inclusive hadronic cross section for h 0 production,σ(gg → h 0 ) must be convoluted with the distribution functions
for the gluons. The resulting formula (for scenario 1) is
where √ s is the centre-of-mass energy of the colliding hadrons and τ is a dimensionless quantity given by m 2 h /s.
To obtain numerical estimates for the production cross section we have used a parton-level Monte Carlo event generator incorporating the recent structure function parametrisations of Martin, Roberts and Stirling [15] . The resulting estimates for production of h 0 for three different choices of ξ and η are illustrated in Fig. 2 Also the trend of variation with m h is more or less the same in the above three cases.
Thus in our analysis we shall use ξ = η = 1 from now on.
The corresponding estimates for scenarios 2 and 3 are obtained in the same way and are smaller than in scenario 1 as there is just one quark -singlet -in the loop. Table 1 and are different for the cases 4 and 5. As in the case of two-gluon fusion, in order to obtain the cross section at the hadron level, one must convolute the parton-level cross section with the quark distribution in the proton (or antiproton)
as well as the probability for the emission of a photon from a quark. The relevant formulae can be obtained using the well-known effective photon approximation and are given in Ref. [12] . Accordingly, we have
= 8π
where the sum over a, b runs over valence quarks only. When the h 0 is produced from the fusion of the massive vector bosons W ± , Z 0 , the calculation becomes more complicated. The probability of emission of a massive vector boson from a quark depend on its polarisation, and hence one must consider the polarised amplitudes M λ 1 λ 2 rather than the spin-averaged one we have been discussing till now. The nonvanishing amplitudes are
where 
DETECTION POSSIBILITIES
Once produced, the h 0 will decay to a pair of vector bosons V If the vectorlike fermions are quarks (Q), then the dominant decay modes will be h 0 → gg for m h < 2m Q and h 0 → QQ for m h > 2m Q . Neither of these decays will be observable, however, because of the large QCD background. We turn, therefore, to the electroweak decay modes.
The branching ratios for the various decay channels are plotted as functions of m h (for m f = 100 GeV) in Figs. 3(a) and (b) for the vectorlike fermion scenarios 1 and 2 respectively. The convention followed regarding the different curves is:
2. solid with dots:
3. large dashes:
5. small dash: h 0 → f f mode; 6. dots: h 0 → gg mode.
As one would expect, there is no W + W − mode in Fig. 3(b) .
It has already been explained that the W + W − decay mode in scenario 1, though quite prominent, may not be viable for detection due to the missing energy carried away by two neutrinos, so we shall concentrate on the γγ, Z 0 γ, Z 0 Z 0 modes only. For scenarios 1 and 2 (and also 3, though this is not shown), when the vectorlike fermion are quarks, these branching ratios are rather small, being of the order of 10 −3 or less.
However, in these three cases, many more h 0 s are produced because of the gluonic mode of production, so this disadvantage is more than offset as we shall see presently.
One notes that for singlet fermions, the couplings of γ and Z 0 are proportional to the charge of the fermion, as a result of which (and the favourable kinematics) the γγ mode is the dominant one of the three. For vectorlike doublets, however, the Z 0 couples more strongly than the photons, so that modes with a final Z 0 are enhanced above the purely photonic mode. In fact, the Z 0 Z 0 mode, though suppressed by a factor of Fig. 2 , and it becomes desirable to look for the the singlet higgs in as many channels as possible.
As we have stated earlier, the principal SM background to each of these processes will come from the tree-level process→ V The histogram shows the square root of the number of events from the SM background deposited in each bin 1 which is a reasonable measure of the 1σ fluctuation.
We have multiplied the numbers obtained from the→ γγ Monte Carlo by a factor of 8 [18] to take into account the di-photon production from gluon gluon fusion and the bremsstrahlung contribution. It may be pointed out that the background will be suppressed by the fact that theq is a sea-quark at the LHC. Since the signal will be seen as a peak in a particular bin over and above the SM background (and its fluctuations), it is clear that the numbers shown in Fig. 4(a) indicate that detection of the singlet h 0 will be viable in the entire range m h = 50 -400 GeV for m Q = 200
GeV considered in this paper since we will get more than a 5σ peak in the invariant mass distribution of the photons. With the low luminosity option, it may be difficult to probe more than m h ≃ 100 GeV if m Q ≃ 50 GeV, though this limit goes up to about 200 GeV if m Q is 100 GeV or more.
We have chosen bins of 10 GeV since this appears typical of present experiments [20] . A coarser resolution will not usually affect the signal, but will increase the background and its fluctuations. For example, if the data is collected in bins of 20
GeV, the background will increase by a factor of about 2 and its fluctuations by about 1.4. This will hardly affect numbers in the high luminosity option, but will reduce the discovery limits for the low luminosity option still further by about 50 GeV in each case. Fig. 4(b) shows the same curves for scenario 2, i.e., the quark doublet is now replaced by a singlet U-quark. The curves are roughly similar, except for the slightly smaller number of h 0 produced in this case, and the comments made regarding Fig.   4 (a) are equally applicable to this case. The signal is rather small in the range m h = 90 − 120 GeV and has not been exhibited here. As regards the background in this decay channel, we examine the→ γZ 0 → γl + l − and the radiative process→ γl + l − using event generators.
The latter contribution is essentially eliminated by the 85 GeV < m l + l − < 95 GeV cut. To estimate the contribution to the background from gluon-gluon fusion, we multiply the numbers by a factor of 1. From the above discussion, and the illustrative numbers presented, it appears that at the LHC, with high luminosity, there is a good chance that one will see a Thus, a higgs boson signal through the processes
but unaccompanied by the other signatures for the SM H 0 , could very well be a signal for a singlet h 0 .
CONCLUSIONS
We have investigated possibilities for the detection of SU (2) In all the channels that we have examined there is a sharp drop in the signal above the m h = 2m Q threshold due to the opening up of the tree-level h 0 → QQ decay mode.
Thus for a vectorlike fermion mass of 50 GeV only a rather limited region of singlet higgs mass can be explored. On the other hand, for m Q = 200 GeV the signal remains above the 5σ fluctuations of the background upto large higgs masses. It is easily seen that for larger m Q , though the higgs mass threshold is increased, the signal itself is reduced and will not be more than the 5σ fluctuation of the background.
Irrespective of the decay mode, our findings indicate that it is unlikely that an h 0 signal will be seen at the Tevatron. Only with the commissioning of the LHC can we look forward to a potential detection of this particle. A very light singlet h 0 with mass less than 50 GeV will escape even these tests and one will have to look for its signals in processes other than the ones expected at hadron colliders. Similarly, one cannot constrain models in which a singlet higgs boson h 0 (of any mass) couples only to vectorlike leptons.
[ Table 1 Scenario Table 2 Scenario Q f and T 3f denote, respectively, the electric charge and the third component of weak isospin of the vectorlike fermion. C ij denotes the relevant colour factors for the decay h 0 → V i V j through a vectorlike fermion loop. 
